In the presence of an external electromagnetic field an ensemble of short open strings in equilibrium with the heat bath provided by the Euclidean worldvolume of a stack of Dbranes undergoes a continuous transition to a long string phase. The transition temperature is at or below the string scale. We point out that this phenomenon provides a simple mechanism within String Theory for the lowering of the strong-electro-weak coupling unification scale by up to two orders of magnitude relative to the string scale.
Introduction
There have been many attempts to explore the viability of weakly coupled supersymmetric string theory ground states with particle content roughly that of the minimal supersymmetric standard model [1, 2, 3] . As reiterated in recent precision phenomenological analyses, the trend in experimental data over many years overwhelmingly continues to favour theoretical particle-cosmology models that are close to minimal [4] . Such models generally assume a grand desert between the weak, or TeV, scale and the coupling unification scale, which is of order 10 16 GeV. Moreover, the weak scale can be generated radiatively from the unification scale in good agreement with precision RG analysis of the flow of couplings in the minimal supersymmetric standard model with three generations and a heavy top quark. The analyses are far from conclusive and the debate is likely to remain controversial for some time. In this paper, we wish to simply point out that there appears to be a mechanism within open and closed string theory that could account for a lowered gauge coupling unification scale relative to the string scale.
The phenomenon we refer to has been described elsewhere [8] . We will therefore restrict ourselves in this brief report to a discussion of both the shortcomings and the implications of our proposal for lowering the coupling unification scale. The setting is as follows. Consider a stack of intersecting Dbranes in the type I string with standard model gauge group and particle spectrum realized on the worldvolume of intersecting branes [3] . We will examine the braneworld model at finite temperature in the Euclidean time prescription [8] . It is helpful to think of the gravitational sector of the thermal type I string as providing a heat bath with which the ensemble of short open strings on the branevolume is in thermal equilibrium. We assume a box-regulated heat bath of fixed volume V and fixed temperature 1/β.
As shown in [8] , the free open and closed string gas undergoes a continuous phase transition of the Kosterlitz-Thouless type at a temperature of order, or below, the string scale. At low temperatures, we have a gas of short open strings whose free energy scales as T p+1 . This is as expected, since the low energy field theory isolated in the short open string limit is a p+1-dimensional finite temperature gauge theory. The order parameter for the phase transition is the pair correlator of timelike Wilson loops which, as shown in [8] , has a simple worldsheet representation. Worldsheets contributing to the expectation value of the Wilson loops can be either oriented or unoriented in the type I theory. The leading contribution is independent of string coupling and is given by oriented surfaces with cylindrical topology. The leading contribution to the free energy, on the other hand, comes from both oriented and unoriented surfaces-with topology of the cylinder, Mobius strip, or Klein bottle, and it is independent of string coupling. In [8] , we calculated the leading contributions to both the free energy and the short distance correlation function of a pair of timelike Wilson loops. The oneloop free energy turns out to vanish identically as a consequence of dilaton tadpole cancellation. The remaining thermodynamic potentials are nonvanishing. All are continuous in the vicinity of the critical temperature indicating a transition in the universality class of the Kosterlitz-Thouless phase transition.
It should be stressed at the outset that the worldsheet analysis in [8] is restricted to the thermal behavior of free open and closed strings. All of our considerations are based on the oneloop vacuum amplitude at finite temperature and are independent of dependence on the string coupling. Thus, our results are expected to dovetail neatly with any nonperturbative analyses that may follow in the future. Although the phase transition itself lies well within the validity of our framework, we cannot follow the behavior of the long string phase to indefinitely high temperatures since gravitational self-intersections are neglected in our framework. Such self-interactions may, for example, indicate a further phase transition into a Schwarzschild black hole [16, 17] , but such phases are beyond the realm of our worldsheet analysis. They necessarily require an understanding of strong coupling effects. In addition, they may need a fully nonperturbative formalism for fully convincing discussion. We emphasize that, conversely, a continuous phase transition in the Kosterlitz-Thouless class is fully compatible with the analyticity of perturbative string amplitudes as a function of temperature. This property is simply a special case of the well-known analytic dependence on the moduli in any braneworld or string compactification. A description of a continuous phase transition can therefore be obtained entirely within the worldsheet formalism.
The calculation that follows relies on the well-known fact that sub-string-scale short distance phenomena can be probed in an open and closed string theory with D0branes-pointlike topological string solitons whose mass scales as 1/g, in the presence of a background electromagnetic field [11, 5] . In the free string limit the pointlike D0branes behave like analogs of the infinitely massive heavy quarks of QCD. We consider parallel timelike Wilson loops lying in the intersecting branevolume wrapped about the Euclidean coordinate X 0 , and with fixed spatial separation r. They represent the Euclidean worldlines of a pair of static and closely separated semiclassical D0brane sources. As shown in [12, 13, 7, 8] , in the simplest case of D8brane stacks in the O(16)×O(16) type I string, the path integral expression for the pair correlation function at finite temperature, W 2 , takes the form:
More generally, in the generic braneworld model, the product of theta functions within square brackets will take a more complicated form, but the prefactor remains unchanged. The prefactor determines the leading r dependence of the short distance pair potential which is extracted from the dimensionless amplitude W 2 as follows. We set W 2 =lim τ →∞ +τ −τ dτ V [r(τ ), β], inverting this relation to express V [r, β] as an integral over the modular parameter t. Consider a q expansion of the integrand, valid in the limit r≤α ′1/2 , t→∞, where the shortest open strings dominate the modular integral. Retaining the leading terms in the q expansion and performing explicit termby-term integration over the worldsheet modulus, t, [13, 14] , isolates the following short-distance pairwise interaction [7] :
where we have dropped all but the contribution from the n=1 thermal mode in the last step. We have expressed the result in terms of the characteristic minimum distance scale probed in the absence of external fields, r min. =2πα ′1/2 , and the closed string's self-dual temperature T C . Consider the crossover in the behavior of the interaction as a function of temperature: at low temperatures, with (r/r min. )β>>β C , we can expand in a power series. The leading correction to the inverse power law is O(1/β 2 r 3 ). At high temperatures with (r/r min. )β<<β C , the potential instead approaches a constant independent of r. We note the characteristic signal of the onset of the (long string) confining phase where the order parameter approaches a constant independent of r. Notice that at the crossover between the two phases the potential is a precise inverse power law. Note also that the overall coefficient of the potential is independent of the spacetime dimensionality of the gauge fields [15, 8] : the factor of 2 4 is related to the critical dimension of the type I ′ string and not to the dimensionality of the Dpbrane in question. These observations are indicative of the modelindependent nature of our result for the order parameter. They hold in any braneworld model with low energy gauge fields.
We now come to the most important point of this paper regarding the proposed mechanism for the suppression of the coupling unification scale relative to the string scale. In the presence of an external electromagnetic field, the result given above is modified by the simple replacement, r min. →2πα ′1/2 u, where F 9j =tanh −1 u is the electromagnetic field strength, assumed to be constant for simplicity of calculation. The transition temperature, T d =uT C , is consequently lower than the closed string's self-dual temperature. The closed string's self-dual temperature, T C =1/πα ′1/2 , is determined by the fundamental string scale, generally expected to be just below the Planck scale. The gauge couplings in the braneworld would unify instead at the mass scale set by the phase transition temperature, which can be lower than the string scale by upto two orders of magnitude in the presence of an external electromagnetic field. All that is required is a braneworld model with a background flux tube of equilibrium size roughly a hundredth of the string scale.
What determines the equilibrium size r * of the type I flux tube linking the pair of semiclassical D0branes? Keeping the leading temperature and external electromagnetic field dependent contributions to the short distance potential, we find a turning point at r 2 * =(Γ(
))
1/4 uα ′ . It is therefore easy to imagine r 2 * ≃10 −4 α ′ for a constant background electromagnetic field of order one. Our analysis, in essence, determines the transition temperature below which the running of the MSSM couplings is field-theoretic, and decoupled from gravity, in terms of the strength of the constant background electromagnetic field at the string scale. However, we find that the transition temperature is not grossly sensitive to small variations in the value of the electromagnetic field. This is reassuring from the standpoint of phenomenology. It is easy, in fact, to obtain the complete electromagnetic field dependence of the thermal contribution to the short distance interaction of the D0branes in a systematic all-orders expansion similar to that performed in [13, 14] .
We emphasize that these results hold under the assumption that the gauge-gravity fields are in a state of thermal equilibrium at the unification scale. It will be of great interest to examine the nature of the long string phase transition within the context of a nonequilibrium thermodynamics. We save further comment for future work.
Note Added: We should note that the typical magnetic field strength required for the feasibility of this mechanism falls comfortably within the range of inter-galactic magnetic fields, known to be of order 1 100 cm −2 , or less, as measured in natural units [18] .
